This work focuses on the high pressure Raman study of carbon nanostuctures comprising of single-or double-wall carbon nanotubes. The detailed examination of the Raman peaks, especially those attributed to the radial breathing modes of the carbon nanotubes, as a function of pressure provides a wealth of information concerning the pressure response of individual nanotubes as well as the internal-external tube (intratube) interactions. The radial breathing modes of both the internal and the external tubes in double-wall carbon nanotubes show reduced pressure slope values as compared to the corresponding in single-wall carbon nanotubes. The reduced slopes for the internal tubes reflect the pressure screening effect inside the external tubes, while those for the external tubes their structural reinforcement due to the encapsulation of smaller diameter tubes in their interior. Moreover, the magnitude of the pressure screening effect depends strongly on the intratube spacing and thus on the intratube interaction. All the experimental observations are well reproduced qualitatively by means of theoretical calculations based on a simple phenomenological model.
Introduction
In the last two decades, carbon nanotube materials consisting of one (single-wall carbon nanotubes, SWCNTs) or more coaxial rolled graphene layers (multi--wall carbon nanotubes, MWCNTs) have attracted the intense scientific interest worldwide thanks to their unique physical properties that provide a broad field for basic research and nanotechnology applications. Double--wall carbon nanotubes (DWCNTs) constitute a model system for studying encapsulation effects in carbon nanotube systems, while their mechanical and transport properties are determined by the structural characteristics of the constituent internal and external tubes and their mutual (intratube) interaction. High pressure application on carbon nanotube materials is a valuable tool for the investigation of their mechanical and structural stability and resonance Raman spectroscopy allows the selective probing of different nanotubes [1, 2] . This is possible due to the size-dependent peculiar electronic structure of carbon nanotubes, originating from the quasi one-dimensional electron confinement [3, 4] , in combination with the inversely proportional relation between the radial breathing mode (RBM) frequency and the tube diameter [5] .
Theoretical calculations on bundled or individual SWCNTs suggest that the nanotubes suffer significant diameter dependent pressure induced cross-section deformations from their circular to oval or polygonized and eventually to flattened shapes, with nanotubes of smaller diameter exhibiting higher structural stability [6] [7] [8] . High pressure Raman studies reveal that these tube cross-section deformations cause the strong intensity attenuation and the disappearance of the RBM band at elevated pressures [1, 9, 10] . Moreover, the theoretically predicted diameter dependence of the nanotube cross-section deformation is also verified experimentally for both bundled and individual SWCNTs [11, 12] . On the other hand, theoretical calculations predict an enhancement of the structural rigidity of the nanotubes after the encapsulation of smaller diameter tubes in their interior and the formation of DWCNTs [13] . In line with this prediction, high pressure Raman studies on DWCNTs show that the presence of the internal tubes provide structural support to the externals against pressure application [14] . Moreover, the external tubes in DWCNTs act as a protection shield for the internals, resulting in the reduction of the effective pressure exerted on the latter [14, 15] . The present work reviews our recent high pressure Raman studies on carbon nanotube materials, aiming to the clarification of the pressure response of the internal and the external tubes in DWCNTs as compared to that of the corresponding SWCNTs and the role of the intratube interaction in the stability of DWCNTs. The experimental findings are also combined with theoretical calculations based on a simple phenomenological model of two anharmonically coupled anharmonic oscillators.
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Experimental details
The starting bundled SWCNT material (tube diameters: 1.25-1.6 nm [16] ) was generated by laser vaporization of Co and Ni doped carbon rods in Ar atmosphere [17] . The intermediate step C 60 -peapods were prepared by the reaction of purified uncapped SWCNTs with C 60 vapor, while the final DWCNT material has been synthesized by means of the peapod conversion process, following Bandow's procedure [18] . The Raman spectra of the studied carbon nanotube materials were recorded in the backscattering geometry using a micro--Raman triple grating system (DILOR XY), equipped with a cryogenic CCD detector. High pressure Raman measurements were carried out using a Mao-Bell type diamond anvil cell with the 4:1 methanol-ethanol mixture as the pressure transmitting medium (ensuring good hydrostatic conditions at least up to 10 GPa) and the ruby fluorescence technique for pressure calibration. For excitation, the 514.5 nm line of an Ar + laser, the 632.8 nm line of a He-Ne laser and the 647.1 and 676.4 nm lines of a Kr + laser have been alternatively used. The excitation line was focused on the sample by means of a 20× (100× at ambient pressure) objective, while the laser power was kept below 2.5 mW, measured before the cell (below 0.1 mW with the 100× objective), in order to eliminate laser-heating effects.
Phenomenological model
According to the phenomenological model employed in our study [19] , the elastic properties of a carbon nanotube are approximated by those of its cross-section, modeled as a ring of carbon atoms in a regular polygonal arrangement interacting with each other through a Lennard-Jones (LJ) potential (equilibrium C-C bond length: 0.142 nm). The fully symmetric radial breathing--like mode (RBLM) and the in-plane tangential G − -like mode (GLM) vibrations of the atoms in the ring correspond to the RBM and the G − mode of a carbon nanotube, respectively. For infinitely large ring diameter the RBLM frequency tends to zero, while we require that the GLM frequency attains the value of the tangential mode of graphite (1580 cm −1 ), allowing thus the determination of the energy LJ parameter in the single-ring model. The pressure application in our model is approximated by radial stress.
The radial symmetry of the system allows the description of the ring by an equivalent anharmonic oscillator of LJ type with the same parameters to those determined for the ring, simplifying considerably the calculation of the RBLM frequency and its pressure response. A combination of two such anharmonic oscillators, interacting through another LJ potential with an equilibrium distance of 0.344 nm (the turbostratic constraint of graphite at ambient conditions), has been used to calculate the pressure dependence of the RBLM frequencies of the internal and the external rings approximating a DWCNT. The energy parameter of the LJ potential describing the internal-external ring (intraring) coupling is determined by assuming that for a large number of concentric rings with infinitely large length, the highest frequency RBLM mode should attain the frequency of the B 2g mode of graphite (127 cm −1 ).
Results and discussion
The Raman spectrum of the starting SWCNTs, the intermediate step C 60 -peapods and the resulting DWCNTs are illustrated in Fig. 1a . Apart from the low frequency RBMs, the Raman spectrum of the SWCNTs contains two more main bands in the depicted frequency region. The intermediate frequency band marked by "D" is attributed to a disorder-induced mode, which is strongly diameter and excitation energy dependent [20] . The high frequency, particularly strong band marked by "G" corresponds to the in-plane carbon stretching vibrations perpendicular (lower frequency G − component) and parallel (higher frequency G + component) to the nanotube axis [21] . As can be seen from Fig. 1a , the encapsulation of the C 60 molecules in the SWCNTs and their mutual interaction results to small frequency shifts of the Raman peaks and the split of the RBMs. Moreover, a new peak appears at ≈ 1465 cm −1 that is assigned to the A g (2) intramolecular mode of C 60 [22] . In the final stage of the preparation process, the transformation from the C 60 -peapods to DWCNTs causes the appearance of new nanotube peaks and the disappearance of the Ag(2) C 60 mode, associated with the formation of the internal tubes from the encapsulated fullerene molecules. More specifically, the new Raman peaks emerging in the frequency region 300-400 cm −1 are attributed to the radial breathing modes of the internal tubes. In addition, a shoulder appears in the low frequency side of the D band and a relatively strong peak between the G − and the G + bands of the pristine SWCNTs, corresponding spectrum to the D (D int ) and the G band (G + int ) of the smaller diameter internal tubes, respectively.
The ambient pressure Raman spectra in the RBM frequency region of the studied DWCNTs, excited by the laser wavelengths given in the experimental section, are illustrated in Fig. 1b . These Raman spectra differ significantly from each other regarding the number and the frequency of the various components as well as their relative intensity. This is explained by the fact that Raman spectroscopy in carbon nanotubes -as already mentioned above -allows the selective probing of specific tubes being in resonance with the excitation wavelength. According to the Kataura et al. plot [3] , in which the energy separations of the Van Hove singularities in the 1D electron density of states (e-DOS) of the nanotubes are plotted as a function of their diameter d, the excitation of the studied DWCNTs with 514.5 nm probes mainly semiconducting internal and external tubes while the excitation with 632.8, 647.1 and 676.4 nm probes semiconducting internal and mainly metallic external tubes.
The Raman spectra in the RBM frequency region of the studied DWCNTs excited by the 514.5 nm wave- length and recorded at various pressures are illustrated in Fig. 2 along with the corresponding of the pristine SWCNTs. With increasing pressure, all the Raman peaks shift towards higher energies, while at the same time significant relative intensity changes take place. Namely, the RBM bands of the SWCNTs and the ex- . Diamonds correspond to an RBM peak of DWCNTs for which an unambiguous assignment to internal or external tubes cannot be made [14] . Open (solid) symbols denote data taken for increasing (decreasing) pressure while solid lines are least squares fittings.
ternal tubes in DWCNTs display strong intensity attenuation and broadening, reflecting the pressure-induced distortion of their cross-section that eliminates the radial band. On the other hand, the RBM band of the internal tubes in DWCNTs is hardly affected by the pressure and the constituent peaks remain intense and narrow up to the highest pressure reached in our experiments (10.3 GPa). This experimental observation is a strong indication of the pressure screening effect of the internal tubes in DWCNTs due to their encapsulation in the interior of the externals. The pressure screening effect is also reflected in the pressure evolution of the internal tubes RBM frequencies as compared to that of the external tubes (Fig. 2b) , where the pressure induced shift for the former is much smaller than that for the latter.
In Fig. 2b the pressure dependence of the RBM frequencies in SWCNTs is also included for comparison. As can be seen from this figure, the pressure dependence for both the semiconducting (excitation with the 514.5 nm wavelength) and the metallic (excitation with the 647.1 nm wavelength) external tube RBMs is slightly less pronounced than that for the SWCNTs. This difference indicates the supporting effect in the case of the external tubes in DWCNTs due to the encapsulation of the smaller diameter internal tubes in their interior. As the intratube interaction in DWCNTs increases with pressure, the observed structural support effect becomes progressively stronger, resulting to a more pronounced sublinear pressure response of external tube RBMs than that of the SWCNTs.
In Fig. 3 we compile and compare the experimentally obtained normalized pressure slopes, Γ i = (1/ω i )(∂ω i /∂P ), of the SWCNT and the DWCNT RBMs as a function of their frequency (inversely proportional to the tube diameter in SWCNT [5] ). We include also data taken from the literature for different than those studied here bundled and individual SWCNTs [11, 12] and bundled DWCNTs [23, 24] . The Γ parameter values of the external tubes in DWCNT exhibit strong and similar frequency (and thus diameter) dependence on that of SWCNTs. Namely, they decrease quasi-quadratically with decreasing tube diameter, which is rationalized in terms of the enhanced cross-section fragility of the larger nanotubes upon pressure [11] . Moreover, in agreement with the discussion made above, the Γ parameters for the SWCNTs are slightly larger than those of the same tubes used as externals in DWCNTs, reflecting the structural support of the latter provided by the internal tubes.
The Γ parameter values obtained for the internal tubes in DWCNTs are much smaller than those for the similar diameter SWCNTs, in agreement with the pressure screening effect due to their encapsulation in the externals. They also exhibit an overall decrease with increasing ω, which again is attributed to the higher stiffness of the smaller diameter tubes. Nevertheless, the data in this case are distributed in five groups, in which Γ i increases with ω i . Let us note that the data taken from the literature lie, within their experimental uncertainty, on the , as well as crosses and asterisks in the bottom part (corresponding to two different DWCNT samples produced through the C 60 peapod conversion route) are data taken from the literature [11, 12, 23, 24] . The solid lines through the data are guides to the eye. groups constructed from the Γ parameter values of the studied DWCNT material. The observed behavior could be understood taking into account that for a specific internal tube, several compatible externals may exist, leading to very close intratube spacings, but enough to cause an observable split of the RBMs in the Raman spectrum [25] . In the split components, the better the tube matching, the higher the frequency and the higher the corresponding Γ parameter value. Therefore, each of the five groups illustrated in Fig. 3b could be ascribed to the same (or different with similar diameters) internal tube encapsulated in external tubes of different diameters.
In the framework of the phenomenological model presented in the previous section, it is feasible to construct also the corresponding Γ i -ω i plot for external and internal ring combinations of different diameters d ext and d int , respectively. In Fig. 4 the calculated values are plotted for the external (internal) rings with d ext = 1.2-1.7 nm (d int = 0.6-1.0 nm) and for various inner-outer ring diameter differences (∆d) in the range 0.67-0.75 nm, compatible with the intratube spacing 0.34-0.38 nm of the studied DWCNT sample [26] . Data calculated for single rings with the same diameters to the external and the internal rings are also included for comparison. Despite the apparent simplicity of the model employed, leading to deviation between the calculated and experimental Γ values, their order of magnitude and their overall trend are the same. More specifically, as can be inferred from Fig. 4a , the calculated Γ parameter values for the external rings lie closely to the corresponding values for single rings, which decrease with increasing ω (decreasing tube diameter), reflecting the larger stiffness of the smaller tubes. However, the Γ parameter values for the external rings are systematically smaller than those of the single rings and decrease monotonically with decreasing ∆d (increasing intraring interaction). This behavior indicates the structural support of the external ring against pressure provided by the presence of the internal and underlines the significant role played by the intratube interaction in the structural stability of the DWCNTs.
The Γ parameters values for the internal rings are also smaller than those for the corresponding single rings, indicating in this case the pressure screening in the interior of the external tubes in DWCNTs. More importantly, our calculations reproduce qualitatively the grouping behavior of the experimental Γ i -ω i data for the internal tubes of DWCNTs. Namely, for a specific internal ring, the decrease of ∆d causes the increase of the intraring interaction, resulting in the upshift of the RBLM frequency and the more efficient pressure transmission to the inner ring (larger Γ parameter value). It is then evident that the intratube interaction determines the effective pressure applied to the internal tubes in DWCNTs and verifies the assumption that the grouping of the experimental Γ i -ω i data can be attributed to the same internal tube (or different with similar diameters) encapsulated into external tubes of different diameter.
Conclusions
Summarizing, our high pressure Raman studies of DWCNTs and their parent SWCNTs combined with model calculations reveal the structural support of the external tubes provided by the presence of their internals through the intratube interaction and the pressure screening effect of the latter due to their encapsulation inside the former. The intratube interaction determines also the magnitude of the pressure screening effect in the interior of the external tubes in DWCNTs.
